COT 301 is a recuperated single shaft ceramic gas turbine for cogeneration use, which has characteristics suited for continuous full load application. The ceramic parts are designed according to the mdsymmetric structure design-concept to reduce size, thermal stress and deformations. One of the leading features of this constructive design is that it does not have a large scroll and combustor is located on the shaft axis.
INTRODUCTION
The conservation of the energy resource and the protection of the environment are extremely important problems for human kind. Many R&D projects are planned and performed in various countries to resolve these problems. "Moonlight Project" and et al are known as the national projects of these kinds supported by the Japanese government. The ceramic gas turbine is expected to be one of the very effective concepts to contribute to the conservation of the energy resource and the protection of the environment of the earth.(1)-(5) A R&D project to develop three different types of ceramic gas turbines for cogeneration and portable type has been started in 1988 by New Energy and Industrial Technology Development Organization under the contract of the Agency of Industrial Science and Technology of the Ministry of International Trade and Industry, as a 9 year research program until 1996. The purpose of this project is to develop new concept gas turbines using ceramic materials and to achieve high performance beyond the level of the current small gas turbines. The schedule and the goals of the project are shown in the Table 1 and 2.
The target of this project is to attain the thermal efficiency of 42 % for the gas turbine of turbine inlet temperature of 1350°C with 300 kw output of ceramic materials to high temperature components. This value is remarkably high compared with that of the conventional small gas turbine with metal components. COT 301 is one of the types of the ceramic gas turbines being developed in the project. This gas turbine is the recuperated single shaft type for cogeneration use suited for continuous full load application.
COT 301 is being developed by cooperation of three companies; Ishikawajima-Harima Heavy Industry Co., Ltd. as a gas turbine manufacturer, and NGK Insulators Ltd. and NGK Spark Plug Co., Ltd. as ceramic component suppliers. This paper presents the design philosophy and the component developments of the COT 301 to achieve the structural reliability and the high performance.
BASIC DESIGN OF CGT 301
Gas turbines are used in many industrial fields as power generators, mechanical drivers, prime movers or auxiliary machineries of various sizes. The gas turbines have many superior characteristics such as the high output with compactness, the utilization of many kinds of fuels, the minimized emission to the environments, the minimized noise and vibrations. Small gas turbines, however, are known to have the problem of low thermal efficiency.
The temperature at turbine inlet is one of the important parameters controlling the cycle efficiency of the gas turbine. High turbine inlet temperatures are attained in large size gas turbines by using turbine blades of super alloys and advanced air cooling systems. The cooling technology requires the complicated construction of turbine blades and vanes, which Table 1 SCHEDULE OF THE PROJECT   1988  1989  1990  1991  1992  1993  1994  1995  1996   CERAMIC CCMONENT FABRICATION TECHNOLOGY  ,   COMPONENT TECNOLOGY (TURBINE, COMPRESSOR cannot be easily adopted to small gas turbines. Ceramic materials have potential to achieve high efficiency of gas turbines through the high temperature capability of the materials without cooling. In the basic design of COT 301, ceramic materials are applied to the components such as turbine blades and nozzles, combustor, heat exchanger and other hot sections.
For the successful application of ceramic components to gas turbines, it is crucially important to develop design methodology based on the characteristics of the ceramics. The principally important feature in the basic design of CGT 301 is basically an axially symmetrical structure: a single-can type combustor is located along the identical axis as the turbine shaft. This configuration enables the elimination of large and complicated ceramic components such as a scroll. The basically symmetrical structure is also expected to give relatively uniform and reasonable stress levels of the components, which can also be analyzed relatively accurately. Another important feature of the design of COT 301 is that most of the high-temperature parts are constructed by assembling relatively small-size, simple-shape ceramic components. It is well known that the strength of ceramic component shows so-called "scale effect": larger the size of the component, higher the failure probability under the same stress level. It is also more probable that the stress levels are higher for the components of larger sizes in the same service conditions, as well as the fact that the excessively large ceramic components are likely to have poorer quality. This basic design is considerably advantageous from the viewpoint that large-size gas turbines can be constructed from small-size ceramic components.
In order to achieve the target value of thermal efficiency, calculations were repeated based on the various combinations of parameters, such as component efficiencies, pressure ratios, etc. The pressure ratio of 7.3 was finally determined as the value for COT 301. Various constructions of the gas turbine were also examined and the aerodynamic performances and the reliability of components were evaluated, such as the performance of the compressor, that of the turbine, the rotational strengths of those components. As the result of these evaluations, the rotational speed of 56,000 rpm was selected.
COT 301 specification Pressure ratio 7.3 Rotational speed 56,000 rpm Then COT 301 have the construction shown in Fig.l . The compressor is a two-stage axial/radial hybrid type, which is expected to attain high efficiency and wide operational range.
The turbine is a two-stage axial type, which is composed of ceramic rotor blades inserted into metal discs and individual ceramic stator vanes assembled by retainer rings. The combustor has an inner liner composed of several separate ceramic parts. The lean combustion method is selected to satisfy the required low emission level of NOx. The combustor is located along the identical axis as the turbine shaft.
The heat exchanger is 3 pass types, among which the section of the highest temperature is made from ceramics. This heat exchanger is a shell-and-tube type.
Bearings are located at the upstream position of the compressor and at the downstream position of the turbine. Calculations of the rotor dynamics were performed to determine As the flow direction in the turbine section is reversed against that in the compressor section, it is necessary to utilize a balance piston in order to cancel the large thrust force. These components are combined by Curvic couplings and tie bolts to assure high rigidity of the rotational system.
Prior to the prototype ceramic gas turbine of TIT 1350°C being developed at the final stage of this project, the design of the primary type ceramic gas turbine whose turbine inlet temperature is 1200 °C was carried out. The configuration and the performance of each component of the gas turbine was further evaluated by calculations and experiments. Those results are described in the following sections.
TURBINE
The high temperature durability of the blade material under large centrifugal stress and the required air cooling are known to give limitations to the thermal efficiency of the conventional gas turbine. The purpose of CGT is to attain the high efficiency by utilizing ceramic parts in the hot sections such as turbine blades and nozzles, without the air cooling of these components.
Turbine Blade
In CGT 301, turbine rotors are composed of individual ceramic blades and heat-resistant metal discs. Silicon nitride of high strength grade fabricated by injection molding was selected as the material of the turbine blades in consideration of the
Fig.2 STRESS ANALYSIS OF CERAMIC BLADE (HP)
high temperature strength of the material. In the service condition, ceramic blades are exposed to the environment of high temperature and high stress. The ceramic blade has a dovetail geometry at the blade root and is attached to the disc groove. The highest stress concentration arises generally around the contact area of the ceramic blades and the metal disc. Compliant layer was adopted to reduce the stress concentration at these high stress regions. The effect of the geometry of the blade dovetail was studied to decrease the stress concentration and the optimum geometry of the dovetail was selected by stress analyses. It is desirable to decrease the temperature of this dovetail portion in order to assure the strength of the materials. So the space between dovetail and disc is utilized as the cooling air passage. The geometry of the blade was also studied from the viewpoint of the aerodynamic performance, the structural reliability, and the manufacturing capability of ceramic materials. The selected geometry is different from the usual metal blade, because the minimum thickness of the ceramic blade was selected as a value larger than that of the metal blades. The example of these stress analyses of the ceramic blade thus studied, is shown in Fig.2 . The maximum stress is found near the contact surface of the dovetail on the suction After 4 seconds from emergency stop side. After these evaluations, the reliability of the combination of the ceramic blades and the metal disc was actually examined experimentally. In these experiments, two ceramic blades were attached to a metal disc at the symmetrical positions with the compliant layer of thin metal sheet inserted between the dovetail and the groove of the disc.
Cold spin tests were carried out up to 120 % of the design rotational speed of 56000 rpm and it was proved that the ceramic blades had enough strength at these rotational speeds. Hot spin tests were also carried out to evaluate the reliability of the blade dovetail contact area under the operating conditions. The temperature of the dovetail portion was monitored by thermocouples and thermopaints. It was proved that the utilization of the appropriate compliant layer enabled the successful hot spin test of the ceramic blades at the design rotational speed. The ceramic blades assembled for the hot spin test is shown in Fig.3 .
The turbine blade is exposed to the wake region affected by the nozzle section. So it is necessary to avoid the resonant vibration at the natural frequency of the blade. The vibrational mode of the blade was computationally calculated and was also actually measured by the laser holography method. This result is shown in Fig.4 and both results have good accordance. These values are considered to satisfy the design criteria of gas turbine.
Turbine Nozzle
As the ceramic nozzles are generally exposed to the highest temperature in the gas turbine, these components are required to keep the strength at high temperatures. Silicon nitride of high temperature grade, which has high strength and high oxidation resistance at high temperatures, fabricated by injection molding, was selected as the material of the turbine nozzle. The rapid temperature change under the start and the stop conditions also cause large thermal stresses in the component,then the nozzles also have to survive such severe thermal stress conditions. The transient thermal stress analyses in the thermal shock were carried out for the components including blades, shroud and hub walls. Fig.5 shows an example of the stress analysis,encountered in the emergency stop of the gas turbine, in that condition, this element is exposed to most largest thermal stress. In this case, the gas temperature changes from 1200 °C to 300 °C only in 1 second. In this case, maximum stress arises at the trailing edge of the vane after 4 second, and the value is about 200 MPa, which is a acceptable value for the present ceramic material.
Aerodynamic Performance
In addition to those analyses, aerodynamic performance was studied by numerical simulations and experiments. Fig.6 shows an example of these calculations for the nozzles and the blades. After repeated calculations and experiment, the geometry of the ceramic blade was actually fabricated as a metal model. The experiments proved that the selected geometry actually enable aerodynamic high performances.
COMBUSTOR
The combustor is required to generate hot gas (>1350 °C) with low level of emissions. In CGT 301, combustion technology was selected to attain the level because of the simple geometry of the ceramic liner. In the case of metal combustors, complicated structures such as the delicate geometry composed of thin plates and many small holes can be fabricated. But in the case of ceramic combustor, it is desirable to select simple structures. The structure of the ceramic combustor liner with simple dilution air holes and the fuel nozzle geometry was selected. After the calculations of flow patterns, the combustor was actually fabricated and evaluated by the experiments. This ceramic combustor liner thus fabricated is composed of simple four parts, which are assembled by a coil spring force. The spring suppresses the ceramic parts along the axis direction, and is expected to absorb the thermal expansion of the liners at high temperatures. The dilution air ratio is variable by adjusting the position of the ring that is located outside of the ceramic liner around the dilution zone and is movable along the axis direction. These ceramic liners were fabricated by the silicon nitride formed of high temperature grade (same as the material foi the nozzles) by cold isostatic press method.
Thermal shock tests of the combustor liner of this structure were carried out to simulate the start and stop conditions, where fairly high transient thermal stresses are expected to arise. In these tests, the temperature distributions of the ceramic liners were monitored by an infrared video system, and the stress analyses were carried out based on the temperature data. In order to examine the effect of the geometry of the liner on the performance of the combustor, 5 types of ceramic liners were manufactured and tested. Each of them has different length of combustion zone (3 types) and number of dilution air holes (4, 6 or 8 holes) as indicated in Fig.7 . The condition of the inlet air used in these experiment was 300 °C , 0.1 MPa, and methane was used as the fuel. Air fuel ratio and dilution air ratio are changed in the experiments.
The combustion characteristics of these types of combustor, such as the NOx emission, the combustion efficiency and the pattern factor as well as the reliability for the thermal stress were evaluated. Test results indicated that the 8M type, which was the length of the combustion zone about 30 % longer compared with the initial type, gave the lowest NOx emission level and the improved pattern factor compared with those of the initial type in Fig.8 . The influence of the number of dilution air holes showed that the decrease in the number of the holes resulted in the increase in the NOx emission level and also the reduction of the pattern factor. As the preliminary test(inlet temperature 300 °C),the temperature distribution of the ceramic liner was measured and the outside surface maximum temperature of liner was found to be 700 °C, which was shown in Fig.9 as the thermo-paint pattern.
On the basis of these results, the evaluation of the performance of the developed combustors will be attempted using a newly installed test facility that enables the tests under the equivalent condition of the ceramic gas turbine (800 °C, 0.7 MPa).
HEAT EXCHANGER
The heat exchanger for the ceramic gas turbine system is exposed to higher temperature than 800 °C. At these temperatures, metal heat exchangers are considered to have limitations for long time operations. In CGT 301,the type of the heat exchanger designed present stage consists of 3 pass type, where only the hottest section is made of ceramic elements,and the other section are made of metal elements. This heat exchanger is a shell-and-tube type in consideration of the limitations in the fabrication technologies of ceramics. Fairly large thermal stresses are expected in the ceramic elements due to the temperature gradient in the structure. As well as the structural reliability to the thermal stress, the flow characteristics, such as the heat transfer or the leakage at high pressure zones, are important in the development of the ceramic heat exchanger. In the ceramic section, the jointing technology of the ceramic tubes and the ceramic walls is very important. A reduced model of the ceramic section was fabricated by silicon nitride, and the heat transfer characteristics, the structural integrity, and the air tightness were evaluated.
Especially the effect of the geometry of the ceramic tubes on the heat transfer characteristics was studied in the cases of different tube diameters and different inner fin numbers. The diameter of the tube was selected as 6 and 8 mm and the number of the fin was 4, 6 and 8. The geometry of the ceramic tubes are shown in Fig.10 . Fig.11 shows the experimental data of the heat transfer as the correlation between the Nusselt number and the Reynolds number in the design region. In consideration of these test results, especially the pressure loss and the compactness of the heat exchanger,the tube diameter of 8 mm and the inner fin number of 6 were selected as the optimum values for the present ceramic tubes.
The reliability of the heat exchanger composed of those ceramic elements will be further examined in thermal cycle tests, and the structural design will be further improved in the process.
COMPRESSOR
The compressor in CGT 301 is especially required to have high efficiency and wide flow range for part load conditions. In considerations of the aerodynamic performances and the limitations in the fabrication of the geometry, the combined type of axial and centrifugal stages were selected in COT 301, which is expected to give superior efficiency and wide operational range.
This compressor consists of inlet guide vanes, a rotor and stator vanes in axial stage, an impeller, a diffuser and a scroll in centrifugal stage. The inlet guide vanes and the stator vanes are variable geometry-type to give wide flow-range.The scroll has twin exit pipes, which induces compressed air to the heat exchanger. The axial rotor of "blisk" type and centrifugal impeller were made of forged titanium alloy and were fabricated by 5-axis milling machine.
These geometries were determined in consideration of the aerodynamic performance and rotational strength of the structure. In order to attain the design pressure, the distribution of the load in compressor stages was studied and the ratio of head between axial and centrifugal stages was selected in order to give wide flow range, high efficiency and appropriate specific speed for each stage. In the compressors, the flow reaches transonic region which gives shock waves and interference between boundary layers. Numerical simulations were carried out repeatedly for axial and centrifugal stages to attain the good flow characteristics. An example of these flow simulations was shown in Fig.12 .
The centrifugal stress and deformation in rotational parts are important and the analysis was performed by NASTRAN code. The disc geometry and the blade shape were modified to optimize the stress and the aerodynamic performance. Analyses and experiments concerning the exciting force between blades were performed to assure the reliability.
On the basis of those considerations, model compressors were fabricated and were tested in a compressor test facility.
ROTOR DYNAMIC MODEL
The rotor system of CGT 301 was newly designed for the ceramic gas turbine. In order to evaluate the potential problem in the newly designed structure,especially the rotor dynamic of the system,a model gas turbine with the same structure as the CGT 301 was fabricated utili7ing all metal part at the hottest section, instead of the ceramic components. The performance of this metallic gas turbine especially the rotor dynamics was actually examined experimentally. The rotor system actually showed the satisfactory performance and the rotational stability at the design speed.
CONCLUSION
1. Development of a recuperated single-shaft ceramic gas turbine for cogeneration named CGT 301, with turbine inlet temperature of 1350 °C at the formal stage was started. One of the main design concepts of this gas turbine is to reduce size and thermal stress of ceramic components.The combustor was located on the identical axis as the turbine shaft, which enabled an axisymmetrical structure of the gas turbine. Most of the ceramic components such as turbine blades and turbine nozzle are designed as individual small parts.
2. Turbine is a two-stage axial flow type. The optimum geometry of ceramic turbine blades, dovetail and the compliant layer were studied, and their reliabilities were confirmed by hot spin tests. 3. The various geometry of ceramic combustor liner were designed and evaluatedA type of 8 dilution air holes and long combustion zone was found to give good performances. 4. Heat exchanger is a 3-pass type, where are used ceramic elements shell and tube element in hot section. The effect of the tube geometry on the heat transfer characteristics was evaluated. 5. The compressor is a two-stage type with combined axial and centrifugal stages. They were studied in aerodynamic performance and stress analyses. A model compressor was manufactured and evaluated in a test facility. 6. In order to evaluate the rotor dynamics of this ceramic gas turbine, a model gas turbine consisting of all metallic parts was fabricated and tested.The rotational stability of the rotor system up to the design speed was confirmed experimentally.
7. The primary type of ceramic with TIT 1200 °C was designed,and the manufacturing of the ceramic component were started.
